A major goal of neuroscience studies is to identify the neurons and molecules responsible for memory. Mechanosensory habituation in Caenorhabditis elegans is a simple form of learning and memory, in which a circuit of several sensory neurons and interneurons governs behavior. However, despite the usefulness of this paradigm, there are hardly any systems for rapid and accurate behavioral genetic analysis. Here, we developed a multiplexed optical system to genetically analyze C. elegans mechanosensory habituation, and identified two interneurons involved in memory formation. The system automatically trains large populations of animals and simultaneously quantifies the behaviors of various strains by optically discriminating between transgenic and nontransgenic animals. Biochemical and cell-specific behavioral analyses indicated that phosphorylation of cyclic AMP response element-binding protein (CREB), a factor known to regulate memory allocation, was facilitated during training and this phosphorylation in AVA and AVD interneurons was required for habituation. These interneurons are a potential target for cell-specific exploration of the molecular substrates of memory.
I dentification of the physical substrates of memory in the brain, namely neurons and molecules encoding memory, is a major challenge in neuroscience. Recent studies have revealed that the transcription factor cAMP response element-binding protein (CREB) (1) is crucial for determining which neurons in the lateral amygdala participate in encoding an auditory fear memory, and that neurons with higher CREB activity are preferentially allocated into a unique memory trace (memory engram) (2) (3) (4) (5) (6) . Thus, it has been generally thought through the accumulated weight of evidence that memory is represented by a specific population of neurons in the brain that forms memory engrams: only a portion of eligible neurons are recruited into a specific memory. Although this CREB-dependent memory allocation model is established (5) , the identification of specific neurons supporting a given memory remains a long-standing challenge. Moreover, the extreme complexity of nervous systems in model animals still hampers cell-specific genetic analyses; therefore, even if neurons encoding memory could be identified, it would be difficult to address the subsequent question of how these neurons store memory at the molecular level in situ.
The nematode Caenorhabditis elegans is a genetically tractable model organism with a neural circuit composed of only 302 neurons. Moreover, the wiring of this nervous system has been completely determined. These unique features of the C. elegans nervous system have proven to be advantageous for various behavioral experiments, such as genetic rescue experiments, ectopic expression analysis, overexpression analysis, and RNA interference-mediated gene disruption, because all of these transgenic studies can be conducted in situ in a cell-specific manner (7) . Through this simple nervous system, C. elegans exhibits a significant ability to modify its behavior in response to prior experience. Among various behavioral paradigms, mechanosensory habituation is one of the most traditional and simple paradigms in nematodes as well as in mammals (8) . Worms usually respond to nonlocalized vibrations, such as the tapping of a Petri plate, with a backward escape response. However, after spaced training for repeated mechanical tap stimulation, worms habituate to the stimuli and exhibit a decrease in the magnitude of the backward escape response. The greatest advantage of using this paradigm is that the neural circuit executing this behavior is extremely simple, comprising only four bilateral sensory neurons, four interneurons, and few motor neurons (8) . Because of this simplicity, mechanosensory habituation in C. elegans could be potentially dissected in a cell-specific manner, leading to an understanding of the genetic mechanism underlying learning and memory at the level of single-cell resolution.
Despite these potential advantages, it is difficult to perform rapid and accurate behavioral genetic analysis to quantitatively measure mechanosensory habituation. Therefore, efforts have been directed toward developing computer vision analysis software. In particular, a recently developed real-time computer vision system accelerates the analysis of acquired data by quantifying image data in real time to monitor many worms on a single plate (9) (10) (11) (12) . The potential of the mechanosensory habituation paradigm could be developed further by creation of a system that expands current worm-tracking systems capacities to allow for the identification of transgenic worms expressing fluorescent markers and simultaneous behavioral analysis of multiple strains with one system. The first aspect to be improved concerns solving the transgenesis problem. In C. elegans, an injected extrachromosomal transgene is semistably inherited by progeny, and a population of progeny often becomes a heterologous mixture of worms both with or without the transgene (13) . Therefore, several selection methods have been established to isolate transgenic worms from Significance A central aim of neuroscience studies is to locate physical substrates of memory, namely neurons and molecules encoding memory. Achieving this goal requires cell-specific interrogations of neural circuitry. However, it has remained difficult to rapidly and accurately quantify the memory of animals expressing a transgene in a cell-specific manner. Our study presents a powerful optical system to perform cell-specific behavioral genetic analysis in a high-throughput manner, and demonstrates its utility by identifying two interneurons as the neural substrates of mechanosensory memory in C. elegans. We propose that our identified interneurons can be novel targets for cell-specific exploration of the molecular substrates of memory.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1414867111/-/DCSupplemental. the heterologous mixture. For example, individual transgenic worms are picked on the basis of a visible selection marker, such as GFP. As for alternative approaches, difficulty in obtaining large transgenic populations can be often circumvented by coinjecting a rescuing transgene in a variety of morphological or lethal mutant backgrounds, or by coinjecting an antibiotic resistance gene (14, 15) . The behavioral assays should be combined with one of these selection procedures. As another critical obstacle, there is hardly any apparatus that allows for automatic training and behavioral testing of transgenic and control strains with accurate temporal stimulation patterns and stimulus intensity. In routine practice, the habituation training is conducted by tapping only a single plate using a solenoid tapper (12, 16) or by the manual box-drop method (17, 18) , in which a plastic box containing multiple Petri plates is manually dropped onto a hard surface from a constant height. In the behavioral testing of trained worms, although the single plate-tapping method enables administration of a precise stimulus intensity to large worm populations, it is difficult to apply this stimulus to multiple strains simultaneously. Thus, considering that cell-specific transgenic experiments in mechanosensory habituation would be undoubtedly instructive, it is desirable to establish a system that allows for the automatic training and behavioral testing of different transgenic strains simultaneously, with accurate temporal stimulation patterns and stimulus intensity.
In the present study, we have designed a multiplexed optical system to simultaneously and quantitatively analyze the mechanosensory habituation of different transgenic worms. The system consisted of an optical device, automated stimulation device, and machine vision software, all of which were multiplexed for rapid and accurate behavioral quantification. The optical device allows us to discriminate between the behaviors of large populations of transgenic animals and those of nontransgenic animals. This system permits the automatic training of up to nine strains and the behavioral testing of four strains, with accurate temporal stimulation patterns and stimulus intensities. We successfully quantified the mechanosensory habituation of various transgenic strains expressing a dominant-negative form of CRH-1, the C. elegans CREB homolog, under the control of various cell-specific promoters. CRH-1/CREB phosphorylation in the two interneurons, AVA and AVD, was required for mechanosensory habituation. We propose that cell-specific genetic analyses of the identified interneurons can be a novel avenue to identify the molecular substrates of memory in situ.
Results
System Design. Behavioral geneticists have frequently used a visible selection marker, such as GFP, for germ-line transformation of a transgene of interest (17, 19, 20) . To simultaneously illuminate four Petri plates by a GFP excitation beam, we constructed an optical device in which the beam from a high-power (200 mW) 488-nm excitation laser was quadruply multiplexed by half-mirrors, and these split beams were then guided to each Petri plate (Fig. 1A and Fig. S1A ). We expanded the diameter of each beam by placing a spherical lens in front of a dichroic mirror, so as to achieve wide-field illumination of each Petri plate (<26.0 × 19.5 mm). Behavior was recorded using four USB-controlled charged-couple device (CCD) cameras, each of which was equipped with a band-pass filter for GFP emission. To simultaneously acquire images from all of the cameras, we created a machine vision software using LabVIEW to flexibly set the temporal pattern of the behavioral recording and synchronize it with that of the stimulation (Fig. S1B ).
For accurate control of not only the temporal stimulation pattern but also the stimulus intensity, we designed an automatic stimulation device ( Fig. 1 A and B) comprising a ROBO Cylinder (IAI Corp.) and a custom-made touch screen controller for producing a temporally controllable tap stimulus to nine Petri plates. The terminus of the cylinder is branched, and the nine branches are each equipped with an actuator to simultaneously tap the nine Petri plates. In the prototype device, the actuator directly hit the plates. However, this process caused deformation of the Petri plates and loss of the stimulus intensity; consequently, the normal backward escape response of wild-type worms could not be observed. Therefore, we decided to place a horizontal swing rod between the actuator and the Petri plate, and connected the rod to the actuator via a flexible string (Fig.  1B) . The actuator hits the rod and induces a horizontal swing, and the swing rod subsequently hits and rebounds to the side of the Petri plate. After striking the Petri plate, the actuator is pulled back to its original position by the cylinder motion, which also pulls the rod back to its original position via the interconnecting string.
The conventional training protocol consisted of five blocks of 20 tap stimuli (60-s interstimulus interval, ISI) with a 1-h rest period between each block (8) . We made it possible to change the number of stimuli per block, the ISI, the number of training blocks, and the rest period between blocks using the touch screen controller. In addition to this customizable temporal stimulation pattern, the stimulus intensity was adjustable. In Fig. 1 C-E, mechanical tap stimuli of adjustable intensity could be automatically delivered to the Petri plates with 3-s ISI in a stimulation protocol, and the stimulus intensities were different between three protocols. Thus, our developed system enables simultaneous automatic training of nine strains and behavioral testing of four strains, with accurate temporal stimulation patterns and stimulus intensities.
We next investigated whether long-term habituation memory was indeed created in wild-type worms trained by our system. We trained large populations of wild-type worms simultaneously on three Petri plates with the conventional training protocol, and measured their reversal distance and probability at 18 h after habituation training. As shown in Fig. S2A , the reversal distance of trained worms was significantly smaller than that of untrained worms, suggesting that the effect of habituation training persists for 18 h. Although the measurement of reversal distance is a typical method to quantify long-term habituation memory, the reversal probability is often measured in untrained worms typically only during 20∼30 tap stimulation at 10 ISI, and not in worms at 18 h after habituation training (12, 17, 21) . We examined the reversal probability of worms at 18 h after training, and found no significant difference between untrained and trained worms (Fig. S2A ). This result is consistent with previous studies, suggesting the possibility that the reversal magnitude and reversal probability are mediated by different mechanisms (8, 22) . In short, these results show that our system can automatically train large worm populations, and that the habituation memory can be quantified by measuring their reversal distance.
Simultaneous Monitoring of Mechanosensory Behaviors in Several
Transgenic Strains. Using the developed system, we tried to demonstrate that the behaviors of different transgenic strains could be simultaneously recorded (Fig. 2) . First, it was confirmed that the excitation light does not affect the reversal response of wild-type worms to tap stimuli (Fig. S2B) . We then prepared test strains expressing GFP under the control of the myo-2, ges-1, or myo-3 promoter, which drives the expression of transgenes in the pharyngeal muscles, intestine, or body-wall muscles, respectively. These transgenic strains were each cultivated on separate 60-mm Petri plates containing a nematode growth medium (NGM) and Escherichia coli OP50 bacteria as a food source. The simultaneous illumination of each Petri plate by the multiplexed laser beams enabled detection of the fluorescence of the transgenic worms ( Fig. 2 B-D, Upper, and Fig. S3 ). The fluorescence intensity was sufficient to observe the reversal response to mechanical tap stimuli (Fig. 2 B-D, Lower) . Therefore, we could discriminate the behaviors of transgenic worms from those of nontransgenic worms.
We further enabled the automatic identification of transgenic worms by developing an image-processing software (Fig. S4) . To evaluate the accuracy of the automatic identification, we mixed 10 transgenic worms and 10 nontransgenic worms, and examined how many transgenic worms were identified by the image-processing software. As shown in Figs. S4 and S5, we succeeded in identifying worms with high accuracy. Fluorescence intensities of (Fig. S5C) . However, worms positioned near the edges were still identified by our image-processing software. Based on the result, we conclude that transgenic worm identification can be automatically achieved with minimal bias.
CRH-1/CREB Phosphorylation During Mechanosensory Habituation
Training. Using the developed system, we tried to address which neurons within the mechanosensory neural circuit are involved in memory formation. We focused on the C. elegans CREB homolog CRH-1, because CREB phosphorylation is a key factor in determining which neurons are recruited to a given memory trace (5, 17, 19, 23, 24) . Previous studies have revealed that worms carrying a loss-of-function mutation in crh-1 exhibit a defect in mechanosensory habituation (8, 17) . However, whether this defect can be attributed to a lack of CRH-1 phosphorylation remains unclear. Therefore, the habituation training was applied to 73-h-old synchronous worms on nine Petri plates, and the phosphorylation level of CRH-1 of worms during and after training was determined by immunoblotting analysis. In the crh-1 (tz2) mutant, phosphorylation of CRH-1 was not detected by immunoblotting using the antiphosphorylated CREB antibody (Fig. S6) , indicating that this antibody recognizes CRH-1, as reported in other papers (24, 25) . As shown in Fig. 3 , CRH-1 phosphorylation markedly increased with the number of training blocks. On the other hand, the phosphorylation of CRH-1 also slightly increased in untrained worms. It is speculated that this increase might be associated with an increase in the amount of eggs that express CRH-1. Interestingly, the phosphorylation level observed in worms immediately after five blocks of training persisted for at least 5 h after the termination of training (Fig. 3) . This result suggests that, after training, the phosphorylation of CRH-1 could remain as a memory trace for mechanosensory stimuli. Taken together, these results show that CRH-1 phosphorylation is facilitated during habituation training.
Cell-Specific Inhibition of CRH-1/CREB Phosphorylation. Timbers and Rankin previously demonstrated that expression of crh-1 cDNA in a crh-1-depleted mutant under the control of the magi-1 promoter rescued its habituation defect (17) . The magi-1 promoter is known to drive the transgene expression in AVA, AVD, AVE, AVH, CAN, RIM, RIA, RID, AUA, RIF, SMDD, RMDD, SMDV, and RMDV neurons (26) . Of these neurons, AVA and AVD are the subset of interneurons within the mechanosensory neural circuit (8) , and RIM neurons are also involved in reversals in response to mechanosensory stimuli (27, 28) (Fig. 4B) . Therefore, a Timbers and Rankin's paper indicated that habituation memory is stored in AVA, AVD, and/or RIM (17) . Given this previous result and our biochemical result, it would be likely that the phosphorylation of CRH-1 in the subset of interneurons and RIM is responsible for habituation memory formation. Therefore, we performed cell-specific inhibitions of CRH-1 phosphorylation for behavioral analysis. We constructed a cDNA encoding full-length CRH-1 harboring a missense mutation in Ser29, which is known to abolish the transcriptional activity of mammalian CREB (19, 25, 29) , and initially created two transgenic strains expressing the dominantnegative form of CRH-1 (CRH-1DN) under the control of either the mec-4 promoter that induces transgene expressions in mechanosensory neurons (ALM, AVM, PLM, and PVM), or the magi-1 promoter, both of which were used in the previous study (17) (Figs. S7 and S8) .
We first quantified the mechanosensory responses of the obtained strain without habituation training. Similar to wild-type animals, the transgenic strain expressing CRH-1DN under the control of the magi-1 promoter exhibited a normal reversal response to tap stimuli. On the other hand, compared with wild-type worms, worms expressing CRH-1DN only in the mechanosensory neurons under the control of the mec-4 promoter showed remarkably smaller reversals (Fig. S9) . This result is consistent with a previous report showing that untrained crh-1-depleted mutants exhibited smaller reversals in response to mechanical tap stimuli (17) . It is thought that the behavioral defect observed in the untrained crh-1-depleted mutants might be attributed to the depletion of the crh-1 function in mechanosensory neurons.
Long-term memory after mechanosensory habituation training was also quantified. Trained wild-type worms exhibited smaller reversal responses than untrained worms. In contrast, transgenic worms expressing CRH-1DN under the control of the magi-1 promoter exhibited no decrease in the magnitude of the reversal response after training, compared with untrained transgenic worms (Fig. S9) . Thus, the result from our cell-specific inhibition experiments is consistent with that from the previous cell-specific rescue experiments, in which the same magi-1 promoter was used for expression of CRH-1 cDNA in the subset of interneurons (AVA and AVD) and RIM. Thus, CRH-1 phosphorylation at Ser29 in these neurons is required for long-term memory formation.
To determine which neurons require the CRH-1 phosphorylation for memory formation, we quantified the mechanosensory behavior of transgenic worms expressing CRH-1DN in each individual interneuron after a set of mechanosensory habituation training (Fig. 4B) . The transgenic worms expressing CRH-1DN in either the AVA, AVD, or AVE interneuron exhibited normal mechanosensory habituation, whereas worms expressing CRH-1DN in both AVA and AVD neurons did not (Fig. 4C) . This result indicates that CRH-1 acts redundantly in AVA and AVD neurons for mechanosensory habituation. Therefore, we suggest that CRH-1 phosphorylation in AVA and AVD interneurons ensure mechanosensory habituation in C. elegans.
Are CRH-1/CREB phosphorylated in the identified interneurons by habituation training? To address this question, we initially compared the training-dependent CRH-1 phosphorylation between wild-type worms and transgenic worms that express CRH-1DN cDNA in AVA and AVD, but found no obvious difference between them (Fig. S10A) . A plausible explanation for the result is that CRH-1 phosphorylation of nontransgenic worms (63.3 ± 7.3%) contained in a progeny of transgenic worms may prevent us from clearly detecting the inhibitory effect of CRH-1DN on the CRH-1 phosphorylation of transgenic worms. Therefore, as an alternative approach, we created a crh-1(tz2) mutant that expresses cDNA encoding FLAG-tagged CRH-1 under the control of the cfi-1 promoter or flp-18 promoter, and examined the CRH-1 phosphorylation levels just after habituation training (Fig. 4D) . In the crh-1(tz2) mutant expressing the FLAG-CRH-1 in the AVD interneurons, the expression of FLAG-tag was not detected by the immunoblotting analysis (Fig. S10B) . This result suggests that expression of FLAG-CRH-1 by the cfi-1 promoter was not enough to detect the CRH-1 phosphorylation only in the AVD interneurons. In contrast, phosphorylation of CRH-1 was clearly increased by the training when CRH-1 was restored in the AVA interneurons of crh-1(tz2) mutants. This result suggests that CRH-1 in AVA interneurons is indeed significantly phosphorylated during habituation training. Furthermore, we created a crh-1(tz2) mutant that expresses CRH-1 in AVE. Immunoblotting analysis revealed that CRH-1 phosphorylation in AVE was not increased by habituation training (Fig. 4D) . Furthermore, phosphorylation was not detected in the crh-1(tz2) mutant expressing CRH-1 Ser29Ala (CRH-1DN) in AVA, indicating that the antiphosphorylated CREB antibody recognizes Ser29 of CRH-1 (Fig. 4D ). Because our fluorescent observations indicated that the flp-18 promoter also induces faint TagRFP expression in RIG neurons (Fig. S7) , we cannot exclude the possibility that the detected CRH-1 phosphorylation under the use of the flp-18 promoter might arise from that in RIG rather than in AVA. However, considering that the RIG neuron is not included in the mechanosensory neural circuit (8), the CRH-1 phosphorylation is more likely to occurr in AVA. Taken together, our biochemical results are consistent with the result from the behavioral assay (Fig. 4C) and support the conclusion that CRH-1/CREB phosphorylation in the identified interneurons ensures habituation memory.
Discussion
Recently, there has been significant progress in identifying the neuronal substrates of memory in the brain (5, 30, 31) . Nonetheless, it remains difficult to analyze the molecular basis of memory formation, even in cases where the responsible neurons have been identified, as the mammalian nervous system is highly complex and cell-specific genetic analysis is often difficult. In contrast, the techniques for cell-specific genetic analysis in C. elegans are promising for in situ analysis of the target neurons. Therefore, the establishment of a methodology for performing behavioral genetic analysis in a high-throughput manner has recently become desirable.
We described a multiplexed optical system for quantifying the mechanosensory habituation of C. elegans. Besides functionalities used for the quantification of mechanosensory habituation, other customizable functionalities were added to the system. In particular, the user can direct more than four beams onto assay plates to obtain higher throughput for assays. The number of plates that can be simultaneously assayed is ultimately determined by the excitation power of the multiplexed laser and the sensitivity of the CCD cameras. When the CCD camera settings (e.g., gain and exposure time) are fixed, as done in the present study, the minimum power sufficient for exciting GFP expressed under the ges-1 promoter should be 1.5 mW. Thus, it should be feasible to simultaneously image worm behavior from 60 Petri plates even with a 100-mW excitation laser. These customizable functionalities will allow behavioral geneticists to apply the underlying methodology of our system to examine other behaviors, such as social behaviors (7, 32) and chemotaxis (9) (10) (11) (12) 33) . Behavioral genetic and biochemical experiments suggest that the CRH-1 phosphorylations in AVA and AVD are required for habituation memory formation. On the other hand, we could not completely rule out that other neurons also store the memory. In particular, the flp-18 promoter, which was used in this study to express transgenes in AVA, has been also reported to drive expression in RIM as well as the magi-1 promoter, although its expression appears to be not so strong according to our fluorescent observation (Fig. S7) . RIM can be activated by AVA and AVD in response to touch stimuli and acts to inhibit motor neurons and contraction of muscles surrounding the head. Furthermore, RIM modulates the reversal distance by releasing tyramine to inhibit forward locomotion (27, 28) . Given this characteristic feature of RIM neurons, the habituation memory might be attributed to the CRH-1 phosphorylation in RIM, as well as, or instead of, AVA and AVD. On the other hand, previous study indicated that the fluorescent intensity of GFP fused with the AMPA-type glutamate receptor GLR-1 was decreased in the posterior ventral nerve cord after habituation training (21) . Among the neurons that express GLR-1, only AVA and AVD project into the ventral nerve cord, whereas RIM's projections are restricted to the nerve ring. Thus, it is more plausible that habituation memory is stored in AVA and AVD. Although there is currently no AVA-specific promoter, Cre/FLP recombinase systems were previously proved to drive expression only in AVA (34) . Therefore, to completely prove that habituation memory is allocated into only AVA and AVD, a future genetic analysis should be conducted using Cre/FLP recombinase systems.
Behavioral genetic analysis revealed that CRH-1/CREB functions redundantly in AVA and AVD for memory formation. We can speculate on how the small circuit for mechanosensory behavior can easily buffer against the loss of CREB activity in one neuron, based on the connectivity data from the wiring diagram (35) Quantification of active CRH-1. Band intensities of phosphorylated CRH-1 were normalized to that of actin. A same reference sample was loaded in the immunoblotting analysis of untrained and trained worms to quantitatively compare their phosphorylation levels. Assays were performed three times. Error bars indicate SEMs. Statistical comparisons between untrained and trained worms at each time point were performed using t tests. *P < 0.05, **P < 0.01. Wild-type and transgenic worms expressing CRH-1DN under the control of various cell-specific promoters were trained (T) with the protocol shown in A or left untrained (NT), and their mechanosensory behaviors were examined using our optical system. Assays for each strain were performed at least three times. More than 100 worms were assayed for each transgenic line. Error bars indicate SEMs. Statistical comparisons were performed using t tests. *P < 0.05, **P < 0.01. NS: not significant. (D) Cell-specific detection of habituationdependent Ser29 phosphorylation in CRH-1. Immunoblotting analysis of crh-1 (tz2) mutants that express FLAG-tagged wild-type CRH-1 or CRH-1 Ser29Ala (S29A) in AVA neurons, or that express FLAG-tagged wild-type CRH-1 in AVE interneurons, using an anti-phosphorylated CREB antibody and an anti-FLAG antibody. Untrained (-) and trained (+) worms were isolated simultaneously and immediately after habituation training. Assays for each strain were performed three times. A same reference sample was loaded in the Western blotting analysis to quantitatively compare their phosphorylation levels. Error bars indicate SEMs. Statistical analyses were performed by ANOVA followed by Tukey's post hoc test. *P < 0.05, **P < 0.01. NS: not significant.
AVD neurons during reversals in freely moving worms. AVA and AVD neurons have been known to play distinct roles in generating reversals. Ablation of AVA causes a decrease not only in the tap stimulus-evoked reversal response, but also in spontaneous reversal (36) . Therefore, AVA neurons function as a "driver cell," which can induce both spontaneous reversal and stimulus-evoked responses (37, 38) . In contrast, AVD-ablated worms exhibit a decrease in stimulus-evoked response, but not in spontaneous reversal (36) . Indeed, calcium imaging of AVD neurons in freely moving animals has indicated that AVD responds to stimulation such as a head-touch or tap, but is not active during spontaneous reversal (37, 39) . Thus, AVD acts as a functional connector between mechanosensory neurons, ALM, and a driver cell, AVA (36) . Based on this evidence, it is known that the wiring of ALM (and PLM)-AVD-AVA-DA neurons is the major wiring for the reversal response to tap stimuli, whereas the ALM-AVD-DA wiring is minor (Fig. S11A ). In this model, repression of the activity (ablation in previous works) of only either AVA or AVD causes a decrease in the worm reversal response, as the worms habituate to tap stimuli. Thus, we can speculate that when CRH-1DN is expressed in either AVA or AVD, although the activity of that neuron (AVD in Fig. S11B ) likely fails to be repressed after habituation training, the activity of the other neuron (AVA) can be repressed after training, leading to a habituation state in the worms (redundancy) (Fig. S11B) . In contrast, expression of CRH-1DN in both AVA and AVD allows the activation of both neurons against tap stimuli even after habituation training, causing an apparently defective habituation state (Fig. S11C) . Although further studies are required to clarify the relationship of these two neurons to memory formation, the redundancy observed in the ALM-AVD-AVA-DA wiring model should be ideal for ensuring robustness of memory.
We believe that the two interneurons identified in this study can be a novel target for in situ analysis of the molecular basis for memory formation, especially so given that significant downstream targets of CREB relevant to memory formation remain largely unknown in neuroscience. It may thus be fascinating to investigate CREB-dependent gene expression changes in AVA and AVD [e.g., by cell-specific mRNA tagging (40) ], before and after mechanosensory habituation training. Furthermore, an alternative approach is to first gain mechanistic insights into GLR-1 expression by genetic analysis, and then to address the relationship between CRH-1 and GLR-1 expression. Thus, we opened a novel avenue to pursue molecular substrates of memory.
Materials and Methods
C. elegans were cultivated at 20°C and handled using standard methods (13, 41) . Transgenic strains used in this study are described in Fig. S8 . A complete detailed description of materials and methods for DNA construction, immunoblotting analysis, optical system construction, behavioral recoding, software development, and mechanosensory behavior assay are described in SI Materials and Methods.
